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I NTRODUCT ION 

Several d i f f e r e n t  processes o f  UCG (Underground Coal G a s i f i c a t i o n )  
a re  be ing  i n v e s t i g a t e d  i n  f l o r th  America. O f  these, t he  l i n k e d  v e r t i c a l  
w e l l  process, developed by the  Laramie Energy Research Center, has been 
f i e l d  t e s t e d  most e x t e n s i v e l y  and i s  c l o s e s t  t o  eventual  commerc ia l izat ion.  
There i s ,  consequently, s u b s t a n t i a l  p a r t i c i p a t i o n  i n  f u r t h e r  f i e l d  
t e s t i n g  o f  t h e  l i n k e d  v e r t i c a l  w e l l  process o r  minor v a r i a t i o n s  o f  i t . 
P a r t i a l  o r  complete i n d u s t r i a l  p a r t i c i p a t i o n  i s  i nvo l ved  i n  the  f i e l d  
t e s t i n g  programs o f  t h e  A l b e r t a  Research Counci l ,  Texas A6M U n i v e r s i t y ,  
and Texas U t i l i t i e s .  

Problems, some solved and some no t  solved, which a r e  associated 
w i t h  UCG a r e  d iscussed i n  t h i s  work. Discuss ion o f  these problems o u t l i n e s  
the  c u r r e n t  s t a t u s  of t h e  l i n k e d  v e r t i c a l  w e l l  process. The purpose i s  
t o  p rov ide  pe rspec t i ve  concerning what has been accomplished a l ready and 
what remains y e t  to  be done on the  road t o  commerc ia l izat ion o f  UCG. 

PROBLEMS SOLVED 

1 .  Low Gas Q u a l i t y  

An appra i sa l  o f  wor ld-wide research e f f o r t s  i n  UCG through 1971 showed 
t h a t  no  f i e l d  experiments us ing  a i r  i n j e c t i o n  had c o n s i s t e n t l y  produced gas 
w i t h  a hea t ing  va lue o f  more than 4.7 - 5.1 MJ/m3 (120-130 B tu /sc f ) .  
most cases the gas h e a t i n g  values averaged less  than 3.9 tlJ/m3 (100 B tu /sc f )  
( I ) .  I n  c o n t r a s t  a l l  experiments conducted a t  Hanna, Wyoming, liave r e s u l t e d  
i n  heat ing va lues above 4.7 tlJ/m3 (120 B tu /sc f ) .  Dur ing the  best  c o n t r o l l e d  
o f  a l l  o f  the Hanna experiments, t he  Phase I I lianna I I t e s t ,  t h e  gas 
hea t ing  value averaged 6.7 MJ/m3 (171 B t d s c f )  a t  p roduc t i on  r a t e s  ex -  
ceeding 215,000 m3/day (8 m i  1 1  i on  sc f /day ) .  

I n  

The favo rab le  r e s u l t s  a t  Hanna stem from th ree  w e l l  de f i ned  c o n d i t i o n s :  

1 .  Favorable geo log ica l  cond i t i ons  (2 ,  3). An impervious shale 
o v e r l i e s  t h e  Hanna No. 1 coal  seam. The seam i s  r e l a t i v e l y  t h i c k ,  9 m. 
I t  l i e s  a t  s u f f i c i e n t  depth, 82-122 in, so t h a t  gas leakage t o  the su r face  
has n o t  occurred. A s i n g l e  a q u i f e r ,  o f  very  low p r o d u c t i v i t y ,  o v e r l i e s  
t h e  coa l  seam. 
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2. Subbituminous coal .  Mathematical m d e l  c a l c u l a t i o n s  show t h a t  
t he  hea t ing  va lue o f  gas produced from e i t h e r  l i g n i t e  o r  bituminous coa l  
should be lower than the  hea t ing  va lue o f  gas f rom subbituminous coa l .  
Gases produced by ca rbon iza t i on  o f  the coal  make up a s u b s t a n t i a l  p a r t  
of the  fuel gases produced by UCG. Subbituminous coa l  has a h igh  v o l a t i l e  
content ;  i n  a d d i t i o n ,  t he  ca rbon iza t i on  gases a r e  r i c h  i n  methane. 

In  boreholes and l a r g e  channels, probably  the  most c r i t i c a l  chemical 
r e a c t i o n  i s  the steam-carbon r e a c t i o n  

C + H20 --> CO + H2 

which requ i res  a long residence t ime compared t o  s imple combustion. I n  an 
open borehole, o r  a borehole p a r t i a l l y  f i l l e d  w i t h  rubb le  and l a r g e  p ieces 
o f  coa l ,  t he re  i s  poor con tac t  between the  s o l i d  coa l  char and t h e  m i x t u r e  
o f  water  vapor and ho t  combustion gases. 

I n  con t ras t  i n  t h e  l i n k e d  v e r t i c a l  w e l l  process, no open borehole 
e x i s t s  between the  a i r  i n j e c t i o n  and gas p roduc t i on  we l l s .  Instead gases 
permeate through t h e  d r ied ,  p a r t i a l l y  d e v o l a t i l i z e d  coal .  Average 
p a r t i c l e  s ize,  a t  l e a s t  f o r  the Hanna No. 1 Seam, i s  on the o rde r  o f  one 
m i l l i m e t e r .  Because t h e r e  i s  i n t i m a t e  con tac t  between gases and s o l i d ,  
t he  g a s i f i c a t i o n  reac t i ons  a r e  more extens ive;  and gas h e a t i n g  values, 
consequently, a r e  h igher .  Bituminous coal  con ta ins  less v o l a t i l e  ma t te r  
and, t he re fo re ,  produces a lower hea t ing  va lue gas. L i g n i t e  has a h igh  
v o l a t i l e  content ,  b u t  on d e v o l a t i l i z a t i o n  r e l a t i v e l y  l i t t l e  methane i s  
produced and a lower q u a l i t y  gas i s  obtained. 

3. Contro l  o f  water i n f l u x .  Soviet  data from f i e l d  t e s t s  and com- 
merc ia l  ope ra t i ons  (4,  51, mathematical model c a l c u l a t i o n s  (6, 7, 8 ) ,  
and experimental r e s u l t s  from Hanna, Wyoming, (9, IO) a l l  v e r i f y  t h a t  a 
t o o  h i g h  water i n f l u x  can produce a major d e t e r i o r a t i o n  o f  gas q u a l i t y .  
The phys i ca l  reasons f o r  t he  d e l e t e r i o u s  e f f e c t  o f  water  have been 
discussed elsewhere (5, 6 ,  8, IO). Ejost western T e r t i a r y  coa l  seams a r e  
a q u i f e r s .  The Hanna No. 1 coal  seam, however, i s  a r e l a t i v e l y  unproduct ive 
a q u i f e r .  Therefore, i t  i s  r e l a t i v e l y  easy t o  a d j u s t  a i r  i n j e c t i o n  r a t e s  
t o  ma in ta in  a near optimum a i r / w a t e r  r a t i o .  

2. Decreasing Hea t ing  Value 

I n  many f i e l d  t e s t s  t h e  gas produced s t a r t e d  i n i t i a l l y  w i t h  a 
reasonable h e a t i n g  va lue which then dec l i ned  g radua l l y  t o  unacceptable 
values. Two mechanisms a r e  known which can cause t h i s  behavior :  

1 .  Use o f  boreholes. One method of coal  g a s i f i c a t i o n  i nvo l ves  the  
d r i l l i n g  o f  boreholes t o  connect t he  i n j e c t i o n  and t h e  p roduc t i on  w e l l .  
The coal  i s  i g n i t e d  then and g a s i f i e d  a long t h e  l eng th  o f  t he  borehole. 
I n  t h i s  process the  coal burns r a d i a l l y  outward, and the borehole increases 
i n  s ize.  As t h e  borehole grows i n  s i ze ,  more gas by-passes the  coal ;  and 
t h e  gas hea t ing  va lue d e t e r i o r a t e s  correspondingly .  
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2. Higher water influx for larger burned areas. Since many coal 
beds in the Vest are aquifers, water influx tends to increase as more and 
more surface is exposed by the combustion front. In addition, for larger 
burned out areas subsidence occurs establishing communication with 
overlying aquifers within the subsidence zone. 

With an exception discussed later in this paper, a drastic decline 
in gas heating value has not occurred during the Hanna field tests. The 
major reason is that the linked vertical well process used at Hanna is 
not a borehole method but a permeation method, that is, it is essentially 
a packed bed process. Packed beds are widely used in the chemical process 
industries. A principle, well known among process chemists and engineers, 
is that for satisfactory results channeling must be avoided in packed bed 
equipment such as chemical reactors, liquid-liquid extraction columns, and 
distillation towers. None of the Hanna field tests have yielded any 
definite evidence that open channels have been created. 

Thermal data from instrumented observation wells ( 1 1 ) .  flow rate and 
gas composition ineasurements (9 ,  121, and mathematical modeling ( 6 ,  7) 
have been used extensively in developing the foregoing description of the 
mechanics of the linked vertical well process. A s  more is learned about 
the process, it becomes increasingly clear that lignite and subbituminous 
coal properties are especially amenable to UCG. Both types of coal shrink 
on heating, and drying alone increases the coal permeability by about two 
orders of magnitude ( 1 3 ) .  It is these properties which permit reverse 
combustion linking and a permeation type gasification process to be used. 

3. Variability in Gas Quality and Gas Production Rates 

A wide variability in gas quality and production rates has been 
observed on an hourly or daily basis in many field experiments. The need 
for a constant gas flow rate, however, presents no real problem. It is 
readily achieved with a constant air injection rate and with the use of a 
flow control valve on the production line. 

At Hanna variations in gas heating values on the order of 5 to 10 
percent have been observed at a single well on a daily basis. This falls 
within the acceptable limits for the firing of large boilers. F o i  a 
commercial operation, however, many production wells would be in use 
simultaneously and the variability in the gas  composition^ would tend to 
average out. It i s  also noted that gas variability has been m r e  extreme 
in the borehole or streaming methods of UCG. 

4. Low Thermal (Cold Gas) Efficiency 

In this work thermal efficiency is defined as the upper heating 
value of dry gas and liquids produced divided by the heating value of the 
coal consumed. Consistent with this definition, sensible heat is not 
included nor i s  the latent heat of any water vapor in the gas. 

The instrumentation used during the Hanna field tests permits a 
accurate determination of the thermal efficiency. These efficiencies 
are the highest ever recorded. The Phase I I  Hanna I I  test achieved an 
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e f f i c i e n c y  o f  89 percent  f o r  the e n t i r e  25 days o f  t he  t e s t  du r ing  which 
2300 tonnes (2500 tons)  of coal  were consumed. 

Such h i g h  e f f i c i e n c i e s  a r e  r e a d i l y  achieved under good opera t i ng  
The m n y  f e e t  o f  e a r t h  o v e r l y i n g  and under l y ing  the  coal cond i t i ons .  

seam p rov ide  e x c e l l e n t  i n s u l a t i o n .  I n  t h i c k  coal  seams, the re fo re ,  t he  
LiCG process operates n e a r l y  a d i a b a t i c a l l y .  Most o f  the thermal energy 
re leased from the  combustion o f  coa l  char and a i r  must be produced a t  t he  
su r face  i n  t h e  form o f  s e n s i b l e  and l a t e n t  heat and i n  the  h e a t i n g  va lue  
o f  t h e  gas produced, i .e.,  chemical heat. The s e n s i b l e  heat  i s  a less 
convenient form o f  energy because i t  can be t ranspor ted  o n l y  over  very 
s h o r t  d is tances.  

I n  the borehole o r  s t reaming method o f  UCG a s u b s t a n t i a l  p o r t i o n  o f  

. the t o t a l  energy re leased appears a t  t he  su r face  in  the  form o f  s e n s i b l e  
the  hot combustion gases by-pass the  coal and a considerable p o r t i o n  o f  

heat. I n  permeation processes o n l y  a smal l  p o r t i o n  o f  t he  energy goes 
i n t o  sens ib le  heat. The combustion gases i n t i m a t e l y  con tac t  t he  coa l ,  
and most o f  t h e  sens ib le  heat i s  used up f o r  t h e  h i g h l y  endothermic 
steam-char r e a c t i o n  which produces a combust ib le  gas. 

A number o f  cond i t i ons  can lead  t o  lower thermal e f f i c i e n c i e s  as 
w e l l  as lower gas h e a t i n g  values. 

1 .  Th in  coa l  seams. A l a r g e r  p o r t i o n  o f  t h e  energy i s  l o s t  to t h e  
surrounding rock format ions.  

2. Very h i g h  ash coa l  (over  50 pe rcen t ) .  A s u b s t a n t i a l  p o r t i o n  of 
t h e  thermal energy i s  taken up by the  ash. 

3.  Low a i r  i n j e c t i o n  ra tes .  Gas res idence t i m e  underground i s  
longer ,  and a l a r g e r  p o r t i o n  o f  t h e  energy i s  l o s t  t o  the surroundings. 
Very low a i r  f l o w  r a t e s  a l s o  r e s u l t  i n  lower r e a c t i o n  zone temperatures. 

4. Gas channeling. Th is  r e s u l t s  i n  poor con tac t  between gases and 
coa l .  

5. Too h i g h  water  i n f l u x .  Vapor i za t i on  o f  t h e  water uses up much 
o f  t h e  a v a i l a b l e  thermal energy. 

6 .  Gas leakage. 

The mathematical model mentioned in  t h i s  paper can be used t o  q u a n t i f y  
i n d i v i d u a l  e f f e c t s  l i s t e d  above. 
s y n e r g i s t i c  i n f l u e n c e  o f  two o r  more o f  these e f f e c t s  a c t i n g  s imul taneously .  
More d e t a i l e d  d iscuss ions o f  t he  d i s t r i b u t i o n  o f  energy du r ing  the  UCG 
process have been repo r ted  f o r  t he  Hanna f i e l d  t e s t s  (5, 6, 7, 10). 

5. Low Resource Recovery 

It can a l s o  be used t o  q u a n t i f y  t h e  

I n  the borehole o r  s t reaming method o f  UC6, t h e  combustion f r o n t  tends 
t o  t r a v e l  down the  borehole r a t h e r  r a p i d l y  and t o  break through t o  t h e  pro- 
duc t i on  w e l l .  
below acceptable l eve l s .  Cnder these circumstances, a l a r g e  p o r t i o n  o f  the 

Once t h i s  occurs the  gas q u a l i t y  d e t e r i o r a t e s  very r a p i d l y  
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coa l  i s  l i k e l y  t o  be by-passed, and energy recovery i s  low. In  a l l  t e s t s  o f  
t he  l i n k e d  v e r t i c a l  w e l l  process a t  Hanna, Wyoming, t h e  combustion zone 
advanced a long a broad f r o n t ,  and m s t  o f  t he  coal  i n  p lace was consumed. 
For example, F i g u r e  1 shows t h e  w e l l  l ayou t  f o r  Phases I I  and I l l  o f  the  
Hanna I I  experiment. Wells 5, 6, 7, and 8 a r e  p roduc t i on  and a i r  i n j e c t i o n  
w e l l s .  L e t t e r s  A t o  0 i n d i c a t e  inst rumented obse rva t i on  w e l l s  w i t h  
the rmcoup les  a t  seve ra l  l e v e l s  w i t h i n  the  coa l  seam. Wi th t h e  thermal 
data i t  i s  p o s s i b l e  t o  t r a c k  the  progress o f  t h e  combustion zone. These 
data show t h a t  t h e  combustion f r o n t  burned through a l l  w e l l s  w i t h i n  the  
60 f oo t  square p a t t e r n  except w e l l  K. I t  i s  concluded, the re fo re ,  t h a t  
t h e  a rea l  sweep e f f i c i e n c y  i s  w e l l  ove r  80 percent .  

The square w e l l  p a t t e r n  shown i n  F igu re  1 conta ined 4170 tonnes (4600 
tons) o f  coa l .  M a t e r i a l  balance c a l c u l a t i o n s  based on the carbon content  
o f  produced gases show t h a t  about 6070 tonnes (6690 tons)  o f  coal  were 
consumed (9, 14) .  Obviously considerable bu rn ing  occu r red  o u t s i d e  t h e  
square p a t t e r n .  In  f a c t ,  t he  combustion zone burned through to w e l l  A b u t  
n o t  t o  w e l l  N on t h e  oppos i te  s i d e  o f  t he  p a t t e r n .  A t  t he  same t ime  cores 
o f  coal taken near burned o u t  reg ions have shown no r e a l  evidence o f  p a r t i a l  
u t i l i z a t i o n  of  c o a l .  i.e., cored coa l  samples i n d i c a t e  no s u b s t a n t i a l  
ca rbon iza t i on  (15). I t  i s  i n f e r r e d ,  t he re fo re ,  t h a t  p r a c t i c a l l y  a l l  coal 
contacted by the  combustion f r o n t  i s  complete ly  q a s i f i e d .  

A two dimensional mathematical model developed f o r  UCG shows reasonable 
agreement w i t h  f i e l d  performance determined by thermal measurements and 
ma te r ia l  balance c a l c u l a t i o n s  (16). When work on t h i s  model i s  completed, 
i t  w i l l  be p o s s i b l e  t o  p r e d i c t  the shape o f  t h e  combustion zone for any 
g i ven  w e l l  pa t te rn .  

6. Overa l l  Process E f f i c i e n c y  

The o v e r a l l  process e f f i c i e n c y  i s  de f i ned  here as the  upper h e a t i n g  
va lue o f  d ry  gas and l i q u i d s  produced d i v i d e d  by t h e  hea t ing  va lue  o f  the 
coal  consumed p l u s  a l l  energy consumed on s i t e  f o r  gas compression, 
u t i l i t i e s ,  e tc .  A l l  t e s t s  w i t h  t h e  l i n k e d  v e r t i c a l  w e l l  process a t  Hanna, 
Wyoming, have shown t h a t  UCG i s  an e f f i c i e n t  method o f  energy recovery (IO). 
T y p i c a l l y  about I4 percent  o f  the  energy produced i s  consumed f o r  gas 
compression and o t h e r  purposes. Most o f  t h e  energy consumption i s  f o r  
gas compression. Therefore,  t he  14 percent  f i g u r e  can be g r e a t l y  reduced 
by o p t i m i z i n g  t h e  s i z e  o f  w e l l  cas ing  and su r face  p i p i n g  and u t i l i z i n g  
e f f i c i e n t  a i r  compression equipment. 
f o r  a w e l l  spacing o f  18 m (60 f e e t ) ,  pressure losses a r e  o n l y  0.7-2.0 N/m2 
( 1 - 3  p s i )  even a t  a i r  i n j e c t i o n  r a t e s  o f  120,000 m3/day (4.5 m i l l i o n  scf /day) .  
Thus, ve ry  l i t t l e  energy i s  l o s t  i n  f o r c i n g  a i r  through the  coa l  seam 
because o f  t he  g r e a t  p e r m e a b i l i t y  o f  l i g n i t e  and subbituminous coal  a f t e r  
d r y i n g  and d e v o l a t i l i z a t i o n  by reverse combustion. Overa l l  process e f -  
f i c i e n c i e s  range from 65 t o  74 percent  f o r  t he  l i n k e d  v e r t i c a l  w e l l  t e s t s  
conducted a t  Hanna, Wyoming (IO). 

Pressure measurements show t h a t  

7. Contro l  o f  Combustion F r o n t  

In  a permeation t ype  method o f  UCG such as the  l i n k e d  v e r t i c a l  w e l l  
process, c o n t r o l  o f  t he  d i r e c t i o n  and r a t e  o f  progress o f  t he  combustion 
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front i s  achieved through s e l e c t i o n  of  t h e  p a t t e r n  f o r  p roduc t i on  and 
i n j e c t i o n  w e l l s  and through c o n t r o l  o f  t h e  a i r  i n j e c t i o n  ra te .  A two 
dimensional mathematical model descr ibed by Jennings e t  a l .  (IO) has been 
used t o  p r e d i c t  l o c a t i o n  and shape o f  t he  combustion zone w i t h  s a t i s f a c t o r y  
accuracy. The theory requ i res  f u r t h e r  v e r i f i c a t i o n  w i t h  m u l t i w e l l  pa t te rns .  

8. Equipment Re1 i a b i  1 i t y  

Equipment f a i l u r e s  have severe ly  plagued research on su r face  coal 
g a s i f i c a t i o n  processes. Th is  has no t  been t r u e  w i t h  UCG (19). The h i g h  
l e v e l  o f  equipment dependab i l i t y  i n  UCG r e s u l t s  from two cond i t i ons ,  t h e  
g rea t  s i m p l i c i t y  o f  t he  surface i n s t a l l a t i o n s  requ i red  and the  r e l a t i v e l y  
low temperatures o f  gases produced. 

9. Lack o f  P red ic tab i  1 i t y  

A f requent  compla in t  has been t h a t  UCG i s  h i g h l y  unp red ic tab le ;  
t he re fo re ,  r e l i a b l e  engineer ing des ign was not  p o s s i b l e  p resen t ing  a 
major obs tac le  t o  commerc ia l izat ion of  i n  s i t u  coa l  g a s i f i c a t i o n .  I n  the  
pas t  t h i s  has undoubtedly been t rue ,  b u t  t h e  r e s u l t s  from t h e  l a t e s t  t e s t  
a t  Hanna s t r o n g l y  i n d i c a t e  t h a t  t he  problem i s  c l o s e  t o  s o l u t i o n .  

Although UCG i s  no t  ye t  ready f o r  commerc ia l izat ion,  t h a t  t ime i s  
approaching r a p i d l y .  A t  the present ,  understanding o f  t h e  phys i ca l  and 
chemical mechanisms c o n t r o l l i n g  UCG i s  f a r  more complete than o f  many 
competing coa l  g a s i f i c a t i o n  processes. 
has resu l ted  from th ree  developments: ex tens i ve  i ns t rumen ta t i on  o f  f i e l d  
experiments, a v a i l a b i l i t y  o f  computers l a r g e  and small  (20) ,  and the  
development of  s o p h i s t i c a t e d  models capable o f  p r e d i c t i n g  accu ra te l y  f i e l d  
t e s t  performance. 

T h i s  g r e a t l y  increased understanding 

IO. S i t e  S p e c i f i c i t y  

The very favo rab le  r e s u l t s  ob ta ined  from UCG f i e l d  t e s t s  a t  Hanna, 
Wyoming, have not  been dup l i ca ted  anywhere e l s e  in  the world. I t  might 
be concluded t h a t  success i s  s p e c i f i c  t o  t h e  Hanna s i t e .  Th i s  i s  no t  t he  
case, however. Most o f  t h e  parameters e s s e n t i a l  t o  successfu l  UCG have 
been i d e n t i f i e d  through the  use o f  mathematical models and o f  massive 
amounts o f  data acqui red du r ing  f o u r  years o f  f i e l d  t e s t i n g .  
a number o f  favorable f a c t o r s  have c o n t r i b u t e d  g r e a t l y  t o  successfu l  t e s t s  
a t  Hanna, Wyoming; severa l  o f  these f a c t o r s  have been discussed a l ready  
( r e f e r  t o  i t em 1 .  Low Gas Q u a l i t y ) .  These f a c t o r s ,  however, a r e  by no 
means unique t o  the  Hanna coal f i e l d  b u t  occur  i n  many i f  n o t  m s t  areas 
o f  t he  West. 

Undoubtedly 

PROBLEMS NOT SOLVED 

No at tempt  i s  made here t o  d iscuss a l l  research problems which remain 
unsolved because, even w i t h  proven processes, new problems f requen t l y  
a r i s e .  Instead problems which remain unsolved a r e  c l a s s i f i e d  as one o f  
t h ree  types as a bas i s  f o r  d iscuss ion.  
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C r i t i c a l  problems. These a r e  problems which, i f  not  resolved favo r -  
ab ly ,  w i l l  have a major  harmful impact on the commerc ia l i za t i on  o f  UCG. 
Only t w o  problems o f  t h i s  type a r e  known, subsidence and excess ive water  
i n f l u x .  

N o n - c r i t i c a l  problems. These a re  problems which can have a major 
economic impact, bu t  which w i l l  n o t  prevent  commerc ia l izat ion even i f  no 
favorable s o l u t i o n  i s  found. Uncer ta in t y  concern ing maximum w e l l  spacing 
i s  such a problem. 

Developmental problems. These a r e  problems which r e q u i r e  a p p l i c a t i o n  
o f  o f f - t h e - s h e l f  technology, o r  a r e  problems which may r e q u i r e  new tech- 
nology bu t  w i l l  n o t  have a major economic impact on t h e  process. Gas 
clean.-up i s  such a problem. 

1 1. Subsidence 

Subsidence i s  p robab ly  t h e  most impor tant  s i n g l e  obs tac le  t o  com- 
m e r c i a l i z a t i o n  of UCG. Because o f  f i s c a l  l i m i t a t i o n s ,  t h e  t e s t s  a t  Hanna 
have been l i m i t e d  to two and f o u r  w e l l  p a t t e r n s  w i t h  60 f o o t  spacing. Wi th  
t h i s  spacing no subsidence has been observed a t  t h e  sur face,  a l though 
subsurface cav ing  o f  t h e  roo f  has occurred d i r e c t l y  over  areas of  burned 
o u t  coal .  

When l a r g e r  UCG p a t t e r n s  a r e  used, subsidence o f  t he  su r face  w i  1 1  
occur i n e v i t a b l y .  A t  many loca t i ons  i n  t h e  western s t a t e s  t h i s  i s  n o t  an 
insurmountable problem. Even w i t h  ex tens i ve  subsidence, the su r face  i s  
less d i s t u r b e d  than i t  would be by s t r i p  mining. 

There are, however, t h r e e  m j o r  problems associated w i t h  subsidence: 

1. D i s r u p t i o n  o f  o v e r l y i n g  aqu i fe rs .  A ve ry  s e n s i t i v e  p o l i t i c a l  
issue i n  a r i d  reg ions.  

2. Establ  ishment o f  communication w i t h  o v e r l y i n g  a q u i f e r s  through 
subsidence and consequent f l o o d i n g  o f  t h e  combustion zone. 

3. Gas leakage t o  a q u i f e r s  and p o s s i b l y  to the  surface. 

Only f u t u r e  f i e l d  t e s t s  w i t h  l a r g e  p a t t e r n s  can determine t o  what 
ex ten t  t he  fo rego ing  harmfu l  e f f e c t s  can be minimized. 

O f  course, i f  t h e  e f f e c t s  o f  subsidence should prove i n t o l e r a b l e  i n  
a g iven s i t u a t i o n ,  i t  cou ld  be avoided e n t i r e l y  by u t i l i z i n g  smal l  i s o l a t e d  
burn pa t te rns .  T h i s  would be p r a c t i c a l  o n l y  i f  the rock overburden had 
s u f f i c i e n t  s t r u c t u r a l  s t r e n g t h  as i t  does a t  Hanna. 
i n  an u n f o r t u n a t e  r e d u c t i o n  i n  the amount o f  recoverable coal .  

I t  would r e s u l t  a l so  

12. Excessive Water I n f l u x  

V i r g i n  coa l  i n  t h e  Hanna No. 1 seam has low p e r m e a b i l i t y  and i s  a very 
unproduct ive a q u i f e r .  For t h i s  reason, i t  i s  p o s s i b l e  t o  ma in ta in  a nea r l y  
optimum w a t e r / a i r  r a t i o  (moles water produced from t h e  coa l  seam/moles a i r  
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i n j e c t e d )  a t  reasonable a i r  i n j e c t i o n  ra tes .  T h i s  was t r u e  f o r  Phases I and 
I I  o f  t h e  Hanna I I  experiment. Both o f  these t e s t s  i nvo l ved  o n l y  two w e l l s  
spaced 16 m apa r t  f o r  Phase I and 18 m a p a r t  f o r  Phase I I .  

Both the hea t ing  va lue of gas produced and t h e  thermal e f f i c i e n c y  o f  
t h e  process were much lower f o r  Phase I l l  than f o r  the prev ious two t e s t s .  
F i e l d  da ta  (9, IO) and c a l c u l a t i o n s  w i t h  t h e  mathematical model (8) b o t h  
conf i rmed t h a t  t h e  d e t e r i o r a t i n g  r e s u l t s  ob ta ined  i n  the  Phase I l l  t e s t  
r e s u l t e d  from an excess ive i n f l u x  o f  water .  Phys i ca l  l i m i t a t i o n s  o f  t h e  
a i r  i n j e c t i o n  system prevented adjustment  o f  t h e  w a t e r / a i r  r a t i o .  

Phase I l l  i nvo l ved  a f o u r  w e l l  t e s t  pa t te rn .  Thus, t he  r e a c t i o n  zone 
was exposed t o  a much l a r g e r  area o f  wa te r  dra inage from t h e  coal  seam. 
A l s o  the l a rge r  burn area may have promoted g r e a t e r  cav ing  of t h e  roof  and 
communication w i t h  an o v e r l y i n g  a q u i f e r .  

Excessive water  i n f l u x  can be c o n t r o l l e d  i n  four  ways: 

1 .  Use o f  dewater ing we l l s .  

2. Carefu l  pressure c o n t r o l .  

3. Adjustment o f  t h e  a i r  i n j e c t i o n  r a t e .  

4. G a s i f i c a t i o n  i n  an up d i p  d i r e c t i o n .  

The degree o f  success t h a t  can be achieved w i t h  these c o n t r o l  measures can 
o n l y  be proven w i t h  t h e  use o f  l a r g e  w e l l  p a t t e r n s  i n  f u t u r e  t e s t s .  

13. Maximum Well Spacing and Depth 

Factors  a f f e c t i n g  maximum we1 1 spac ing and depth a r e  l a r g e l y  c o n j e c t u r a l  
and have not  been i n v e s t i g a t e d  i n  f i e l d  t e s t s .  Maximum depth a t  which the  
process i s  workable i s  an impor tant  i n d i c a t o r  o f  t he  amount o f  coal  t h a t  may 
be s u i t a b l e  f o r  UCG. Maximum w e l l  spacing i s  impor tant  because the  d r i l l i n g  
and complet ion o f  w e l l s  i s  a major cos t  i t em i n  the  o p e r a t i o n  o f  a UCG 
p r o j e c t .  Ne i the r  i s  a c r i t i c a l  problem, however. There a r e  vas t  depos i t s  
o f  coal a v a i l a b l e  a t  depths a l ready  t e s t e d  s u c c e s s f u l l y  w i t h  UCG. Economic 
s tud ies  i n d i c a t e  t h a t  UCG even w i t h  t h e  c lose  spacing used a t  Hanna, Wyoming, 
may be compe t i t i ve  a l ready  w i t h  some i n t r a s t a t e  n a t u r a l  gas p r i c e s  (21). 

14. Bituminous Coal 

I t  has been emphasized e a r l i e r  t h a t  t h e  l i n k e d  v e r t i c a l  w e l l  process i s  
a permeation method and t h a t  t h i s  f a c t  has been respons ib le  f o r  much o f  t he  
success o f  t h e  Hanna t e s t s .  L i g n i t e  and subbituminous coal s h r i n k  on 
d r y i n g  and ca rbon iza t i on .  Th is  pe rm i t s  the  use o f  reverse combustion 
l i n k i n g ,  and the  establ ishment  o f  a permeat ion process du r ing  forward g a s i f i -  
c a t i o n .  A t  t h i s  t ime i t  i s  no t  c e r t a i n  t h a t  t h e  l i n k e d  v e r t i c a l  w e l l  process 
can be used success fu l l y  i n  eas te rn  b i tuminous coal  which s w e l l s  on hea t ing .  
Because of the  l a r g e  popu la t i on  o f  t h e  eas te rn  s ta tes ,  i t  i s  impor tant  t o  
t e s t  t h e  v i a b i l i t y  o f  UCG i n  eas te rn  c o a l .  However, t h i s  i s  n o t  c lassed  as 
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a c r i t i c a l  problem, t h a t  i s ,  a problem c r i t i c a l  t o  commerc ia l izat ion o f  UCG. 
Regardless of t h e  outcome o f  eastern tes ts ,  UCG remains a workable process 
i n  l i g n i t e  and subbituminous coal .  

15. Gas Clean-up 

Gas t reatment  i s  c l a s s i f i e d  as an unsolved problem because i t  has no t  
been at tempted o r  demonstrated i n  t h e  f i e l d .  Gas analyses, however, i n d i -  
cate t h a t  o n l y  e x i s t i n g  technology i s  requ i red  for gas c lean-up which i s  
p r i m a r i l y  a developmental problem. 

Coal gas f r o m  coke ovens o r  L u r g i  g a s i f i e r s  con ta ins  heavy t a r s  and 
much p a r t i c u l a t e  mat ter .  Extens ive and r e l a t i v e l y  expensive clean-up i s  
requi red f o r  t hese  gases, and t h e  h i g h l y  v iscous coal t a r s  tend t o  p l u g  
valves o r  o t h e r  equipment. 

In c o n t r a s t  gas from UCG i s  much c leaner .  The condensed l i q u i d s  cause 
fewer problems than  t y p i c a l  coal t a r s  because o f  the d i f f e r e n c e  i n  t h e i r  
phys i ca l  p r o p e r t i e s .  The l i q u i d s  f rom UCG have a low v i s c o s i t y  s i m i l a r  
t o  tha t  o f  o i l s .  None of t h e  m a t e r i a l  has a b o i l i n g  p o i n t  above 780 K 
(950" F) .  A l m s t  a q u a r t e r  of t he  more t y p i c a l  coa l  t a r  de r i ved  from the 
l a b o r a t o r y  c a r b o n i z a t i o n  o f  Hanna No. 1 coa l  was composed o f  res idue w i t h  
a b o i l i n g  p o i n t  above 810 K ( l O O O o  F) (17). 

P a r t i c u l a t e  concen t ra t i ons  and composit ions have been repo r ted  as w e l l  
as t race metal analyses (18). Dur ing forward combustion p a r t i c u l a t e  loading 
has v a r i e d  from 0.05 t o  0.90 gm/m3. About 1/2 to 2/3 weight  f r a c t i o n  o f  
t h e  p a r t i c u l a t e  ma t te r  c o l l e c t e d  f a l l s  i n  t h e  submicron range. Analyses 
i n d i c a t e  t h a t  i t  c o n s i s t s  o f  p a r t i a l l y  carbonized coal  ,and coa l  char. 

S u l f u r  i s  produced i n ' t h e  form o f  hydrogen s u l f i d e  and no s u l f u r  
d i o x i d e  has been measured. 
much more e a s i l y  from t h e  gas than s u l f u r  d i o x i d e .  

Hydrogen s u l f i d e ,  o f  course, can be scrubbed 

Gas p r o d u c t i o n  temperatures u s u a l l y  range between 510-590 K (450-600" F). 
Thus, h i g h  temperature c lean-up i s  n o t  needed, and e x i s t i n g  technology 
appears t o  be adequate f o r  gas t reatment .  

SUMMARY AND CONCLUSIONS 

F i f t e e n  major  t echn ica l  problems assoc ia ted  w i t h  UCG have been discussed. 
Ten problems have been l a r g e l y  solved, f i v e  remain unsolved. O f  the f i v e ,  
i t  i s  b e l i e v e d  t h a t  o n l y  two, subsidence and excess ive water  i n f l u x ,  can 
present  p o t e n t i a l l y  major obs tac les  t o  commercial i z a t i o n  o f  UCG. The Laramie 
Energy Research Center has had v i r t u a l l y  no f i e l d  exper ience 'w i th  e i t h e r  
problem because they  become major ones o n l y  w i t h  l a rge  w e l l  pa t te rns  which 
have y e t  t o  be f i e l d  tes ted .  
should determine w i t h i n  the next  few years i f  these two problems can be 
resolved favo rab ly .  

However, proposed l a r g e  area f i e l d  experiments 

72  



ACKNOWLEDGMENT 

Dennis F i sche r  and Mike Boyd o f  t h e  Laramie Energy Research Center 
have reviewed the  manuscript and prov ided many h e l p f u l  comments. 

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

1 1 .  

REFERENCES 

A r t h u r  D. L i t t l e ,  Inc., "A Current  Appra i sa l  o f  Underground Coal 
Gas i f i ca t i on , "  p. 38, 76, BuMines Rept. C-73671, 1971. 

Campbell, G. G . ,  C.  F. Brandenburg, and R. M. Boyd, "P re l im ina ry  
Eva lua t i on  o f  Underground Coal G a s i f i c a t i o n  a t  Hanna, Wyo.," BuMines, 
TPR 82, Oct.,  1974. 

Schr ider ,  L. A., and J. W. Jennings, SPE P r e p r i n t  4993, SOC. Petroleum 
Eng. Annual Fa1 1 Mtg., Oct. 6-9, 1974. 

Gregg, D. W., R. W. H i l l ,  and D. U. Olness, "An Overview of  t he  Soviet  
E f f o r t  i n  Underground G a s i f i c a t i o n  o f  Coal ," Lawrence L ivermore Lab., 
UCRL-52004, Jan. 29, 1976. 

Gunn, R. D., D. W. Gregg, and D. L. Whitman, "A Theore t i ca l  Ana lys i s  
o f  Soviet I n  S i t u  Coal G a s i f i c a t i o n  F i e l d  Tests," Second Annual 
Underground Coal G a s i f i c a t i o n  Symp., Morgantown, W. Va., Aug. 10-12, 
1976. 

Gunn, R. D., and D. L. Whitman, "An I n  S i t u  Coal G a s i f i c a t i o n  Model 
(Forward Mode) f o r  F e a s i b i l i t y  Studies and Design," LERC/RI-76/2, 
U. S. E.R.D.A., Feb.. 1976. 

Gunn, R. D., D. D. Fischer ,  and D. L. Whitman, "The Phys ica l  Behavior 
o f  Forward Combustion i n  the  Underground G a s i f i c a t i o n  o f  Coal," SPE 
P r e p r i n t  6149, SOC. Petroleum Eng. Annual F a l l  Mtg., Oct. 3-6, 1976. 

Gunn, R. D., D. L. Whitman, and D. D. F i sche r ,  paper presented a t  
Am. Nuclear SOC. Mtg., Energy Minera l  Recovery Research, Golden, Colo., 
Apr. 12-14, 1977. 

F ischer ,  D. D., C. F. Brandenburg, S. B. King, R. M. Boyd, and H. L. 
Hutchinson, "Status o f  t he  L inked V e r t i c a l  Well  Process i n  Underground 
Coal Gas i f i ca t i on , "  Second Annual Underground Coal G a s i f i c a t i o n  Symp., 
Morgantown, W. Va., Aug. 10-12, 1976. 

F ischer ,  D. D., J. E. Boysen, and R. D. Gunn, "An Energy Balance f o r  
t h e  Second Underground Coal G a s i f i c a t i o n  Experiment, Hanna, Wyoming," 
presented a t  t h e  1977 Na t iona l  Meeting o f  SME o f  AIME, A t l a n t a ,  Ga., 
Mar. 6-8, 1977. 

Beard, S. G., and R. P. Reed, "Some I n s i g h t s  f rom Temperature Measurements 
on Recent Underground Coal G a s i f i c a t i o n  Experiments," Second Annual 
Underground Coal G a s i f i c a t i o n  Symp., Morgantown, W. Va., Aug. 10-12, 1976. 

73 



12. Brandenburg, C. F., R. P. Reed, R. M. Boyd, D. A. Nor throp,  and 
J. W. Jennings, SPE P r e p r i n t  5654, SOC. Petro leum Eng. Annual F a l l  
Mtg., Da l l as ,  Tex., Sept. 28-Oct. 1, 1975. 

13 .  Jennings, J. W., " I n i t i a l  Results--Coal Pe rmeab i l i t y  Tests  Hanna, 
Wyoming," EPRl Grant No. RP 542-1, Q u a r t e r l y  Rept., Feb., 1976. 

14. Brandenburg, C. F., D. D. F ischer ,  D. A. Nor throp,  and L. A. Schr ider ,  
"Results and S ta tus  o f  t he  Second Hanna I n  S i t u  Coal G a s i f i c a t i o n  
Experiment," Second Annual Underground Coal G a s i f i c a t i o n  Symp., 
Morgantown, W. Va., Aug. 10-12, 1976. 

15. Boyd, R. M., "Post Burn Ana lys i s  Techniques App l i cab le  t o  Underground 
Coal Gas i f  i c a t  i o n  ," i b i  d. 

16. Jennings, J. W., R. D. Gunn, C. F. Brandenburg, and D. L. Whitman, 
SPE P r e p r i n t  6181, SOC. Petroleum Eng. Annual F a l l  Mtg., New Orleans, 
La., Oct. 3-6. 1976. 

17. King, S. B., "P re l im ina ry  UCG Tar Analyses," Second Annual Underground 
Coal G a s i f i c a t i o n  Symp., Morgantown, W. Va., Aug. 10-12, 1976. 

18. Fischer, D. D., "Mon i to r i ng  o f  Emissions from an I n  S i t u  Coal G a s i f i -  
cat  i o n  Exper iment ," i b i d. 

19. Campbell, G. G., T. E. Sterner ,  and A. E. Humphrey, " P r a c t i c a l  
Considerat ions i n  Design ing an UCG Test," i b i d .  

20. Eastwood, D. E., D. F. Moore, S. 6. King, W. J. Lanum, J. K. East lack,  
and J. W. Jennings, "Real Time Process Mon i to r i ng  i n  Underground Coal 
G a s i f i c a t i o n  ," i b i  d. 

21. Mo l l ,  A. J., "The Economics o f  Underground Coal Gas i f i ca t i on , "  i b i d .  



1" 

75 


